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A THERMODYNAMIC STUDY OF THE TURBINE-PROPELLER ENGINE? 


Ву BENJAMIN PINKEL and Irvine M. Karp 


SUMMARY 


Equations and charts are presented for computing the 
thrust, the power output, the fuel consumption, and cther 
performance parameters of а. turbine-propeller engine for any 
given set of operating conditions and component efficiencies. 
Included are the effects of the pressure losses in the inlet duct 
and the combustion chamber, the variation of the physical 
properties of the gas as it passes through the system, and the 
change in mass flow of the gas by the addition of fuel. 

In order io illustrate some of the turbine-propeller-sysiem 
performance characteristics, the total thrust horsepower per 
unit mass rale of air flow and the specific fuel consumption 
are presented for a wide range of flight and engine-design 
operating conditions and a given set of design ie 
efficiencies. 

The performance of a turbine-propeller engine containing a 
matched set of components is presented. for a range of engine 
operating conditions. The influence of the characteristics 
of the individual components on off-design-point performance 
18 shown. 

The flexibility of operation of two turbine-propeller engines 
13 discussed; one engine has a divided turbine system in which 
the first turbine drives only the compressor and the second 
turbine independently drives the propeller, and the other engine 
has a connected turbine system which drives both the compressor 
and the propeller. 

INTRODUCTION 


Various thermodynamic analyses have been prepared for 
the purpose of studying the many aspects of the performance 
of turbine-propeller engines. The charts presented in 


reference 1, for example, permit step-by-step calculation. 


of the turbine-propeller cycle; also presented therein are 
some performance characteristics of the basic turbine- 
propeller system and systems incorporating intercooling, 
reheat, and regeneration at design-point conditions. Refer- 
ence 2 presents a general comparison of part-load performance 
characteristics of a large variety of both simple and complex 
turbine-propeller-engine configurations. It also discusses 
briefly the way in which component characteristics affect 
the efficiency of each engine and limit the part-load operation 
of each engine. 

In the present report, charts (developed from an extension 
of the analysis given in ref. 3) are presented which permit 
determination of the performance parameters of the engine 
directly from component efficiencies and operating conditions. 


1 Supersedes NAOA ТК 2053, “А Thermodynamic Study of the Turbine-Propeller Engine," by Benjamin Pinkel and Irving М. Karp, 1952, 


These charts eliminate much of the step-by-step cycle 
calculation and apply particularly when the engine over-all 
performance rather than the details of the cycle is of major 
interest. In order to illustrate some of the turbine-propeller- 
engine design-point performance characteristics, the thrust 
horsepower per unit mass rate of air flow and specific fuel 
consumption are presented for-a wide range of design 
combustion-chamber-outlet temperatures and compressor 
pressure ratios. These results are presented for constant com- 
ponent efficiencies and a range of flight speeds and altitude 
conditions. 

The report also presents a detailed discussion of the 
off-design-point performance of two turbine-propeller-engine 
configurations each having a given set of components. The 
performance of a given turbine-propeller engine is а complex 
function óf the individual characteristics of the compressor, 
the turbine, and the propeller. The limitations in operating 
range and performance imposed by these component charac- 
teristics, the interrelation between components, some of the 
problems involved in matching the components, and the 
method for evaluating and presenting engine performance 
are discussed for the two engine configurations. One 
engine has a divided turbine system consisting of two inde- 
pendent turbines; the first turbine drives the compressor 
and the second turbine drives the propeller through reduc- 
tion gears. The other engine has the two turbines connected 
to provide a single rotating system. The flexibility in 
operation provided by a variable-area exhaust nozzle is also 
discussed for both configurations. This analysis was made 
at the NACA Lewis laboratory. 


SYMBOLS 


The significance of the symbols appearing in the charts 
and in the subsequent discussion is as follows: 

A, effective exhaust-nozzle area, sq ft (For isen- 
tropic expansion in exhaust nozzle, flow 
through area A, is equal to actual mass flow 
through nozzle.) 

a correction factor that accounts for total-pressure 
drop in inlet diffuser 


E. correction factor that accounts for total-pressure 


drop in combustion chamber 

с correction factor that accounts for difference in 
physical properties of hot exhaust gases and 
cold air, involved in computation of work 
from expansion process 
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propeller power coefficient, equal to 
550 Ир»/ро М1 

velocity coefficient of exhaust nozzle 

specific .heat of air at constant pressure at 
i519? В, 7.73 (Btu/slug)/°F 

average specific heat at constant pressure of 
exhaust gases during expansion process, (Btu/ 
slug)/°F (This term, when used with temper- 
ature change accompanying expansion, gives 
change in enthalpy per unit mags.) 

propeller diameter, ft 

total thrust, lb 

net thrust produced by exhaust jet, 1b 

thrust produced by propeller, lb 

fuel-air ratio . | 

lower heating value of fuel, Btu/lb 

compressor-shaft horsepower input 

propeller-shaft horsepower input equal to excess 
of turbine horsepower output over compressor 
horsepower input 

total turbine-shaft horsepower output 

turbine-shaft horsepower output of first turbine 

mechanical equivalent of heat, 778 ft-lb/Btu 

compressor slip factor, 550 hp, МО 

mass rate of air flow, slug/sec 

mass rate of gas flow through turbine, slug/sec 

propeller rotational speed, rps 

total pressure at compressor inlet, lb/sq ft abs 

total pressure at compressor outlet, lb/sq ft abs 

total pressure at inlet to first turbine, Ъ/за ft abs 

total pressure at outlet of first turbine, lb/sq ft 
abs 

total pressure at outlet of second turbine, Ib/sq 
ft abs 

ambient-static-air pressure, Ib/sq ft abs. 

static pressure at outlet of first turbine, Ib/sq ft 
abs 

static pressure at outlet of second turbine, lb/sq 
ft abs 

drop in total pressure through inlet duct, Ib/sq ft 

drop in total pressure through combustion cham- 
ber, lb/sq ft 


Та 
1 2 T ( а=) 
factor equal to | (ey) 1с? e á 


ratio of drop in total pressure in combustion 
chamber to total pressure &t compressor out- 
let, AP. 2/Р. 3 

compressor-inlet total temperature, °R 

compressor-outlet total: temperature, °R 

combustion-chamber-outlet total temperature, 
ФК 

total temperature at outlet of first turbine, °R 

ambient-air temperature, °R 

total thrust horsepower produced by enginé 

net thrust horsepower produced by exhaust jet 

thrust horsepower produced by propeller 

compressor tip speed, ft/sec 


Од 


Уа 
Ys 


No 


7c 


„Пр 


turbine blade speed (measured at turbine pitch 
line) of first turbine, ft/sec 

turbine blade speed of second turbine, ft/sec 

jet velocity, ft/sec 

jet velocity giving optimum distribution of avail- 
able power to propeller and exhaust-nozzle 
jet, ft/sec 

theoretical turbine-nozzle jet velocity of first 
turbine corresponding to isentropic expansion 
of gas from turbine-inlet total pressure and 
temperature to turbine-outlet static pressure, 
ft/sec ' 

theoretical ТЕОРЕ jet velocity of second 
turbine, ft/sec 

airplane velocity, ft/sec 

axial component of gas velocity at first turbine 
outlet, ft/sec | 

axial component of gas velocity at second tur- 
. bine outlet, ft/sec 

weigh flow of fuel, lb/hr 

ratio of compressor pressure ratio, P/P, to 
(Po/P1) rer 

factor equal to ratio of ram temperature rise to 
ambient-air temperature, 2/27, ato 

factor equal to V?/2J cy ato 

factor equal to 550 hp./Madey ato 

factor equal to propeller thrust produced 
divided by excess of turbine horsepower out- 
put over compressor horsepower input, lb/hp 

ratio of specific heats of air, 1.4 

average value of ratio of specific heats of exhaust 
gas during expansion 

ratio of total pressure at any point being con- 
sidered to standard sea-level pressure of 2116 
lb/sq ít, that 18, ô= Р./2116, §,=P,/2116, and 
so forth 

correction factor that accounts for over-all 
effects produced by secondary variables, 
e=1—a—b-+e 

combustion efficiency equal to ideal fuel-air ratio 
required to obtain temperature rise in com- 
bustion chamber from 7, to T, divided by 
actual fuel-air ratio 

compressor adiabatic efficiency equal to ideal 
power required in adiabatically compressing 
air from compressor-inlet total temperature 
and pressure to compressor-outlet total pres- 
sure divided by compressor-shaft power 

compressor polytropic efficiency equal to loga- 
rithm of actual pressure ‘ratio divided by 
logarithm of isentropic pressure ratio that 
corresponds to actual temperature ratio 

propeller efficiency equal to thrust horsepower 
developed by propeler divided by excess of 
total turbine power over compressor power. 
This definition includes bearing, gear, and 
accessory power losses as well as propeller 
losses. 
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7, over-all turbine total efficiency of turbine sys- 
tem equal to entire turbine-shaft power 
divided by ideal power of gas jet expanding 


adiabatically from inlet total pressure and 
temperature of first turbine to outlet static 
pressure of second turbine less kinetic power 
corresponding to average axial velocity of gas 
at second turbine outlet 


14,1 turbine total efficiency of first turbine 
11,2 turbine total efficiency of second turbine 
M over-all turbine-shaft efficiency of turbine sys- 


tem equal to entire turbine-shaft power 
divided by ideal power of gas jet expanding 
adiabatically from inlet total pressure and 
temperature of first turbine to turbine-outlet 
static pressure of second turbine 


UT turbine-shaft efficiency of first turbine 
т 2 turbine-shaft efficiency of second turbine 
6 ratio of total temperature at any point being 


considered to standard sea-level temperature 
of 519° К, that is, 0-- 1/519, б,= 74/519, 
and so forth 

ро density of ambient air, slug/cu ft 


ANALYSIS 


A schematic diagram of the turbine-propeller engine con- 
sidered is shown in figure 1. Air enters the inlet duct and 
passes to the compressor inlet. Part of the dynamic pres- 
sure of the free-air stream is converted into static pressure 
at the compressor inlet Бу the diffusing action of the inlet 
duct. The air is further compressed in passing through the 
compressor and enters the combustion chamber where fuel 
ig injected and burned. The products of combustion then 
pass through the turbine nozzles and blades, where an 
appreciable drop in pressure occurs, and finally are dis- 
charged rearwardly through the exhaust nozzle to provide 
jet thrust. The turbine shown in figure 1 may consist of a 
single turbine driving both the compressor and the propel- 
ler or а combination of two turbines, one driving the com- 
pressor and another driving the propeller. When engine 
performance is evaluated by charts, the combination of the 
two turbines is considered as a single turbine having the 


combined power output and over-all turbine efficiency of 
the two. 


Stotion О | 2 3 4 5 6 j 
| | | | Е | 
| : | Егати | 
| = а ЖЕ БИЕ ЖИ 
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| =— 
“Inlet duct ! 4-Compressor, ; тобе \ 
Propeller : Н | 
- - Reduction t- Combustion Exhaust 1 
gears chamber nozzle--- 


FIGURE 1.—S8chematic diagram of turbine-propeller engine. 


The variables affecting the performance are divided into 
а primary group and а secondary group. 
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The primary group of variables is: 

Exhaust-nozzle velocity coefficient, which includes losses 
in tail pipe, C, 

Compressor total-pressure ratio, Р./Р, 

Combustion-chamber-outlet total temperature, T, 

Ambient-air temperature, & 

Jet velocity, У, 

Airplane velocity, V, 

Ratio of propeller thrust produced to propeller-shaft 
horsepower input, « 

Burner efficiency, m 

. Compressor adiabatic efficiency, ne 

Propeller efficiency, which includes losses in reduction 
gearing, пр 

Turbine total efficiency, 74 - 

The secondary group is: 

Ratio of total-pressure drop through inlet duct to 
compressor-inlet total pressure, АР./Р, 

Ratio of total-pressure drop through combustion cham- 
ber to compressor-outlet total pressure, ЛР,/Р, 

Effect of difference between physical properties of cold 
air and hot exhaust gases during expansion proc- 
esses. (Effect of change in specific heat of gas during 
other processes is included ‘in charts.) 

Charts are presented from which the propeller-thrust 
horsepower, the propeller thrust, and the fuel-air ratio can 
be evaluated for various combinations of design-point operat- 
ing conditions. The equations from which the charts are 
prepared are derived in appendix A and are listed in appen- 
dix B.. Some of the following equations used in combina- 
tion‘ with the charts give the performance of the turbine- 
propeller system. 

The total thrust of the engine is the sum of the propeller 
thrust and the jet thrust. 

The jet thrust, when the effect of the added fuel is neg- 
lected, is given by 

А Ру= М.(У;— V9 (12) 


When the effect of added fuel is included, thé jet thrust is 
given by 


F,—MV,— Vo) +f/M.V; (1b) 
The thrust horsepower of the jet is expressed as 
7% 


The thrust horsepower produced by the propeller (which 
includes the effect of added fuel) is given by 


an pJ Cy a T Pd 
Vini(1 - f) 
2036, d -z| (3) 


and can be evaluated from the charts. 
The total thrust horsepower of the engine is the sum of 
the jet-thrust horsepower and propeller-thrust horsepower. 


2 c^ ^e - — $s eee m 
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FIGURE 2.— Charts for determining flight Маай number, comprogsordni« total pressure, und factors Y and Г. 
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(a) Flight Blech number, factor У, and 
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For the engine operating at a given set of conditions, an 
optimum division of power between the exhaust jet and the 
propeller exists for which the total thrust horsepower and 
efficiency of the system are maximum. The jet velocity for 
this optimum condition is given very closely by 


C? 
Vs Vo (4a) 
This expression is derived in appendix A. The jet veloc- 
ity can vary appreciably from this optimum value with only 
а small effect on the total thrust horsepower and engine 
efficiency. | 
At zero flight speed (V4—0 and 7,=0) the expression for 
У, ор: ів indeterminate. When the factor а is introduced 
where а is the pounds of thrust produced by the propeller 
per propeller-shaft horsepower input, the expression for 
У, ор: ресотев 
55003 
Nee 


(4b) 


V; opt— 


The thrust developed by the propeller at any plane speed 
Vo (Роз 0) is obtained from the propeller-thrust horsepower 
by the equation 

550 
Гог the case of V4—0, the factor Р,о is determined from 
the charts. 

The compressor-shaft horsepower is given by 


hp, Мс» atyZ/550= 567514, 2/519 (6) 
The compressor-inlet total temperature 18 
Ti =%(1 T Y) (7) 
The turbine-shaft horsepower is 
hp Pet hp, (8a) 


At zero flight speed (¢hp,=0 and 7,=0), the turbine 
power 13 


hip. — 2 Ep. (8b) 
The fuel consumption per unit mass rate of air flow is 
determined from the fuel-air ratio by the relation 


И М,„—=115,900/ (9) 
DISCUSSION OF CHARTS 


By means of equations (1) to (9) and the curves of figures 2 
to 7, the performance of the turbine-propeller engine can be 
readily evaluated. The curves are presented in a form that 
shows the effects of the variables on performance. In 
figures 2 to 4 are shown curves for evaluating some of the 
primary parameters that are used in the principal per- 
formance chart (fig. 5) from which the thrust horsepower of 
the propeller is determined. The fuel-air ratio is evaluated 
with the use of figures 6 and 7. 

Curves for obtaining the flight Mach number, the 
compressor-inlet total pressure, and the factor Y for various 
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FIGURE 3.— Chart for determining factor в. («1-4--6-|-с) 


values of the factor V,44/519/&, are shown in figure 2 (a). 
Values of Y, plotted against the factor V;/519/4 аге shown 
in figure 2 (b). 

The value of e, which accounts for the effect of the second- 
ary group of variables, is obtained from figure 3. The 
quantity є 15 given by the relation 


e=1~—a—b-Le 


Correction а, which gives the effect of total-pressure drop 
through the inlet duct AP, is shown in figure 3 (a). Cor- 
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rection 6, which measures the effect of total-pressure drop ДЕН уу 
through the combustion chamber AP», is introduced in figure JC близ ; 
3 (b). Correction c, which corrects for the difference be- T | Rr (see fig. 2(a)) 
tween the physical properties of the hot exhaust gases and ld 7А | 
the cold air involved in the computation of the expansion $ 10,000} (ы = (see fig. 2(Ь)) H- А 20 
processes through the turbine and exhaust nozzle, is given $ о Baal P, J^ РД, 
in figure 8 (с). In general, the value of є is close to unity 2 SEES x EX АД 
and can be taken as equal to unity when a rapid approxima- = 8000 TAT H- 72724 
tion ів desired. ej» 7000 L ИИ ТТС 
The compressor total-pressure ratio is пон against the | 9 | o VEA EXE qd pq ДТ 
quantity 7Z/(+Y¥) in figure 4. The compressorshaft | “y, 6000477 --- HH р ЫЯ Л 4- 
horsepower is computed from equation (6) and the value of Z. | “ 5 5000/44 ДРА РАНЕЕ НА БШ Ag ТЕСТЕ 
The effect of the variation in specific heat of air during com- Б Adee ttt aga 
pression is neglected in this plot; the maximum error in 2. IEEE tit aaa TT 
] | ; ALANI TT TTT uA ME 
introduced is about 1 percent for the range of compressor | 2 |-> 3000 44440 ГТГ АИ 1 жи 
pressure ratios shown in figure 4 and for compressor-inlet | gj , ALAK 8777 7 а 
temperatures up to 550° R. X Е 2900 РА =H 
a value of (Р/Р) plotted against the factor ооо am 
пете v zy i) is also shown in figure 4. The quantity oL 5 | ENENN | d 
(Р./Р,), „у is useful in that it is the compressor pressure ratio T Ja 
for maximum power per unit mass rate of air flow for any diro 
given values of лет «ЕТ: «№ and Y, provided that the change FIGURE 5.—Chart for determining thrust-horsepower or shaft-horsepower factors. (А 17- 
by 21-in. print of this chart (in two sections) is available from NAOA upon request.) 


in component efficiencies and є with change in pressure | 

ratio is negligible. When the change in e with P,/P, is 

appreciable, (P2/P1)rer differs somewhat from the compressor The curves in figure 5 are used to determine the propeller- 

pressure ratio giving maximum power per unit mass rate of thp, 519 т. Во 519 пе | 

air flow. Even in this case, the power рег unit mass rate of horsepower factors ——* М; v — Or Arb a for various values 

air flow corresponding to (P 2/Pi)rer js generally within 1 | of the parameters пле Гао, (77:1 С) Y,— Y, and X or 1/X. 

percent of the true maximum. The actual compressor | When X is less than unity, the value of 1/X is used; the 

pressure ratio Р,/Р, divided by- the quantity (Po/Pi)rer | reason is apparent from an examination of equation (A34) 

defines the value of X used in figure 5. (see appendix B) for figure 5. Corresponding to the values 
of non «То and X or 1/X, а point on the right-hand set of 
curves is determined; then progressing horizontally across 

Z (er) the chart to the desired value of (nen 0)Y;—Y, а sec- 

E ond point is located. Moving from this second point 

БЕТ 


parallel to the left-hand set of direction lines until the 
THH ав ATT (nen fC?) Y,— Y —0 line is intercepted, the value of the 


propeller-thrust-horsepower factor or propeller-shaft-horse- 
ШТ й р Т power factor is then read at the intercept. 

$ Hes 
—1-4 > СЕРНЕ (ЕК ШЕГУ aS ШЕН ПШ ИШЕ ИЕШЕ ШШЕ p 


a 


The compressor-outlet total temperature T; plotted against 
the factor #(1+Y-+Z) is shown in figure 6. This curve in- 
cludes the variation in specific heat of air during compression 
and was computed from reference 4. The variation in spe- 
cific heat is accounted for in this case; whereas it is neglected 
in figure 4, because the error introduced in the evaluation of 
the temperature rise during compression by the assumption 
of a constant value of specific heat is greater than the error 
introduced by the same assumption in the evaluation of the 
compressor power. 

The fuel-air-ratio factor ль} is plotted in figure 7 against 
T4— 13 (total-temperature rise in combustion chamber) for 

0 і 04 06 | ре 14 various values of 14. These curves are based on information 
ааа did г given in reference 5 and are for a fuel having a lower heating 

Figure 4.—Chart for determining (P1/Pi)r< for various values o vue 2 Gar iy) endfor | value À of 18,900 Btu per pound and a hydrogen-carbon ratio 
ща of 0.185. For fuels having other values of h, the value of f 


determining 1 for various values of РР. (A 17- by 194п. Bd of this chart {5 
+Y > + е * . Г а 
avallable from МАОА upon request.) given in figure 7 is corrected accurately by multiplying it by 


(ИР ог Р/Р 
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the factor 18,900/h. The effect of hydrogen-carbon ratio of 
fuel on f is generally small; and, for a range of hydrogen- 
carbon ratios from 0.16 to 0.21, the error due to the deviation 
from the value of 0.185 is less than 0.5 percent. The fuel 
consumption per unit mass rate of air flow 1s obtained from 
the value of f and equation (9). 

In the preceding discussion of the charts, the effect of the 
mass of injected fuel was not mentioned. It is shown in 
appendix A that the effect of the added fuel can be taken 
into account by substituting the product of turbine total 
efficiency 7, and (1-- f) for the value of я; in the charts. This 


А Е я T. ]- X4 
adjustment occurs in figure 4 in the factor летие са (ттт) 


го 
О 
© 


Compressor-outlet total temperature, 75,°R 


тоо 


(which is used in determining (P;/P;),,;) and in the factors 
тепе Тао and (non./C3)¥;—Y of figure 5. The value of the 
jet-thrust horsepower is evaluated from the jet velocity by 
means of equations (1b) and (2). Equations (4a) and (4b), 
which are used to determine the optimum jet velocity, do 
not require this adjustment in the value of 7;. 


EXAMPLES OF USE OF CHARTS 


As an example of the use of figures 2, 4, and 5 and equations 
(1) and (2) for a rapid approximate computation of the thrust 
horsepower per unit mass rate of air flow thp/M,, а case 18 
considered in which the following conditions are given: 


100 1200 1300 1400 1500 1600 1700 


7о0(|+7+2), °R 
FIGURE 6.—Ohart for determining Тз Гог various values of 4(1--У-2). 
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Compressor adiabatic efficiency, 7,..----------..------------ 0. 80 
Turbine total efficiency, 7;-.__.----_-.----.---..----.----- 0. 90 
Propeller efficiency, пра еее 0. 85 
Exhaust-nozzle velocity coefficient, О,_--.------------------ 0. 96 
Airplane velocity, Vo, ft/sec_._....-.-.----.-------.------- 733 
Jet velocity, Vj, Itjseo ----------------------------------- 1000 
Compressor pressure ratio, Р/Р-------------------------- 6 
Ambient-air temperature, to °Ң__.------------------------ 519 
Combustion-chamber-outlet temperature, T4, °В_------------ 1960 


From the assumption that є is equal to 1, thp/M, is then 
evaluated with these given quantities as follows: 


Von ОТО ео i eee Uk 733 
Y Crom fri? (6) )eicout АИ ЬЕ ЧЕНИ ИЩИ Я 0. 086 
ViV519/to, увео ------------------------------------- 1000 
Y; (from fig. 2 (Ы)) Lecce ecc cc seres emen ssec nno 0. 160 
UE il e ——————ÁÁÁÁ—— 2. 719 
Т, 1 M 
Tute.) —Ó 2. 305 
(РР) rer (from fig. 4)---------—---------------------—-- 4. 31 
ое Бове себе 1. 39 
(CUP dca dob Е Е ee eae 0. 039 
“Pe зе 59, hp/(slug/sec) (from fig. 5)------- A eee 2085 
thp,/ Ma, hp/(slug/sec) _—_-—-------------------------------- 2215 
thp;i/ Ma, hp/(slug/sec) (from eqs. (1) and (2))---------------- 355 
thp/Ma, hp/(slug/sec) ------------------------------------- 2570 


The use of figures 2 to 7 and equations (1) to (9), which 
permit evaluation of such performance values as compressor- 
shaft power, fuel consumption, thrust horsepower, and 
specific fuel consumption with a high degree of accuracy, is 
illustrated in detail in the following example. The effects 
of the secondary parameters are now accurately evaluated 
and the method of accounting for added fuel mass is also 
shown. The example is based on the engine having the 
following design conditions: 


(1) Compressor adiabatic efficiency, зе------------------- 0. 80 
(2) Turbine total efficiency, 4;.-------------------------- 0. 90 
(3) Combustion efficiency, -}ь--------------------------- 0. 97 
(4) Propeller efficiency, ур.---------------------------- 0, 85 
(5) Exhaust-nozzle velocity coefficient, С,----------------- 0. 96 
(6) Airplane velocity, Vo, Н/вес------------------- 733 
(7) Jet velocity, Vy ft/sec._..__--..--.---..------~.--.-- 1000 
(8) Compressor total-pressure ratio, P2/P;--...-----.------ 6 
(9) Ambient-air temperature, 4, °В_-------------- euo s 519 
(10) Combustion-chamber-outlet total temperature, 7%, ^R... 1960. 
(11) Ambient-air pressure, ро, lb/sq 1. ..-------------- 14. 7 
(12) Total-pressure drop through inlet duct, АРа, lb/sq іп... 0. 25 
(13) Total-pressure drop through combustion chamber, АР», 
Јува Ба-а Ба тасос анан 1. 5 
(14) Lower heating value of fuel, 8, Btu/flb .... 18,500 
DETERMINATION OF У AND FLIGHT MACH NUMBER 
From items (6) and (9): 
(15). Vey 519/ GT m 733 
From item (15) and figure 2 (a): 

(16) ЕРЕМА —Ó—Á—Á— OP 0. 086 
(17) Flight Mach пошег------------------------- 0. 66 
DETERMINATION OF Z AND Ар. ЈМ. 

Item (8) read on figure 4 determines 

(I8) quei зо Фа ЕВРО ЕА К ЧЕСИ ысы ыз шышы ылышы 0. 669 
From items (18), (16), and (1): ay " 
(10)= AR Ба-а еве срео ЗЫ р Б сое аан 0. 908 
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Using items (19) and (9) in equation (6) gives 


(20) pd Ma, Ър/(вїпг/вео)....----------------------------- 5153 
DETERMINATION OF f AND РМ. 

From items (9), (16), and (19): 

(219 aE D E AF CRN RO a ое. 1036 

From item (21) read on figure 6: 

(22) %,.°В—-------------------------------.---.-------- 1025 

From items (22) and (10): 

а 935 

From items (23) and (10) and figure 7: 

(Шун aie есите RT 0. 01372 

Items (24) and (3) give 

о а 0. 01414 


Because the lower heating value of the fuel is equal to 18,500 
Btu per pound (item (14)), item (25) must be multiplied by 
the factor 18,900/18,500, and the adjusted value is 


ОН ыйыы сосы ЕТ: н. 0. 01445 
Using item (26) in equation (9) gives 
(27) W/M, (lb/hr) /(slug/sec) ---------------------------.- 1675 


DETERMINATION OF FACTOR « 
From items (11), (12), and (13): 


АИ E зара сан eee 0. 017 

UE НИЕ aren ЕН ИЕ НЫ 0. 10 

From figure.2 and Нета (15): 

(30) САРАТ сие eee данае рено егото десни 1. 885 
 &nd using item (28) with item (30) gives 

ЕН MR 1. 318 

Using items (31) and (8) yields 

{Зд Pipes ee se ak ш eh ы порове EE аа 7. 01 
: From items (28) and (31): 

(83 APUD оаа ааа ааган е ванае 0. 013 

whereas from items (29) and (32): 

(9d) APs) Pye ato eee ke шынына ee uiam case vows 0, 013 

From items (16) and (18): 

(30) УРУ ее tees ee ee eR B E Ld E 0. 812 

Items (33) and (35) in figure 3 (2) give 

(Co A ANREDE РЕМ ODORE 0. 006 


while items (34) and (35) in figure 3 (b) give 


ЕЕ РАДЕ ОНО 0. 005 


When items (10), (26), and (32) are used in figure 3 (с), 
0. 0 


From items (86), (37), and (88): 
(39) «=1—O0. 005—0. 005+0. 085. ------------------------- 1. 025 


DETERMINATION OF (РУР), AND X 


Using items (1), (2), (39), (10), (9), and (16) gives 


(40) пате TE Ti iy) "——————— 2, 363 
From у (40) read оп figure 4: 
(41) (Pol Pi) ги ----------------------<---------<------------ 4. 50 


mn items (8) and (41) and the definition of the parameter 


DETERMINATION OF thp/M., SPECIFIC FUEL CONSUMPTION, AND 
OTHER PERFORMANCE PARAMETERS 


Using items (1), (2), (89), (10), and (9) gives 


COE e gi m aaah 2. 787 
From items (7) and (9): 
(44) Vp/519/6, вее. .----------------------------- 


and from item (44) read on figure 2 (b): 
Go) a ccs croci dccus c Lbs st LS E 0, 160 
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From items (1), (2), (5), (45), and (16): 


(46) neneX¥3/C?— Y. = æ — — — — — ------<-<-<----- -- -- «+ - «+ чш чыш че ш ш шш ee ee eae 0. 039 
From items (46), (43), and (42), read on figure 5: 

tp, ne 519 я 
(47) и Бр (В ОЕ (660) опасен 2257 


The thrust horsepower per unit mass rate of air flow 
developed by the propeller is obtained by using items 
(47), (1), (4), and (9): 

(48) Шр»/ Ma, hp/(slug/sec) -_ ------------------------------- 
Items (48) and (6) are substituted in equation (5); the 
thrust per unit mass rate of air flow developed by the 
propeller is 

(49) Е„/ Му, lb/(slug/sec)_------.-----------------_--__-__- 
Using items (6) and (7) in equation (1a) gives 

(50) F;[M,, Ib/(slug/see) .. _------------------------------- 267 
and then items (50) and (6) in equation (2) give 

(51) thp:/ Ma, hp/(slug/seo) - - ------------------------------ 356 
Now, from items (48) and (51): 

(52) thp/ Ma, hp/(slug/sec)__---_-------.------------------- 
and from items (49) and (50): 

(53) F/M,, lb/(slug/sec) __--------------------------------- 
The specific fuel consumption is evaluated from items 
(27) and (52): 

(54) Wy/thp, ЗЬ/Ър-һг------------------------------------- 0. 608 


2399 


EFFECT OF MASS OF ADDED FUEL ON F/M. AND thp/M, 


When more accurate results are desired, the effect of the 
mass of fuel introduced is accounted for in the calculations. 
The effect of the added fuel is handled by substituting the 
product of the turbine total efficiency з; and (1+/) for the 
value of т, which will now be done for the case just con- 
sidered. 


From ш (26) the adjusted value of item (40) becomes 


(55) neve! (ТЕР +7) c——"——— eee 2. 396 
From а 4 is obtained the conesponding 


(56) (E jae ae ea Be 4. 61 
Erom items (56) and (8): 

Ur) ctp UR 1. 30 
By use of the modified value of 7;, item (43) becomes 

(58) neneTi/to--------------------- — ———— 2. 827 
and item (46) becomes . 
ее nic. 0. 0410 
Using items (57), (58), and (59) in figure 5 gives ` 

(60) ==> Spe ue де 512, hp/(slug/sec) ----------------------------- 2351 
or 

(61) (hp, Ma, hp/(slug/sec) - -—----------------------------- 2497 
Evaluating the propeller thrust from items (61) and (6) 

and from equation (5) gives 

(62) F,/M., Ib/(slug/sec)_-..-.---------------.-.---------- 1874 
In evaluating the jet thrust from items (6) and (7), 
equation (1b) is now used and gives 

(63) Р; Ме, Ib/(slug/sec).--.------------------ НЕЕ 281 
From items (63) and (6) and from equation (2): 

(64) hp M; Вр (Glug 560) eco sORececeseeepeescescusc 375 
The total thrust horsepower per unit mass rate of air 

flow from items (61) and (64) is, 

(65) thp/M., hp/(slug/sec) _-—------------------------------ 2872 
From items (62) and (63): - 

(00) FIM, ЕЕ ео 2155 
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and from items (65) and (27): 
(06D FIO; Ерга нье аьан maio € iaa 0. 683 


ACCURACY OF METHOD 


The final equations for thrust horsepower (eqs. (A24) and 
(A34)), from which figure 5 is plotted and which are derived 
with the aid of several simplifying assumptions, give values 
of thrust horsepower which check very closely with values 
obtained from very accurate step-by-step evaluation of 
conditions throughout the cycle. Over a wide range of 
operating and flight conditions, the maximum error in the 
value of thrust horsepower obtained from the charts is less 
than 0.5 percent. 


The results of the examples used to illustrate the use of the 
charts give an indication of the effect of є оп the thrust horse- 
power. For the conditions of the example, choosing an 
approximate value of є=1.0 results in a value of thrust horse- 
power &bout 7 percent different from the value of thrust 
horsepower evaluated from the more accurate value of 
e=1.025. In general, the percentage error in thrust horse- 
power will range from two to four times the percentage error 
in e. In cases where the combination of conditions is such 
as to result in low values of thrust horsepower, an error in в 
has a much greater effect on thrust horsepower. 

Also, for the set of conditions chosen, the thrust power is 
about 4 percent greater and the specific fuel consumption 


about 4 percent lower when the added mass of fuel is taken 


into account. In general, if good accuracy of results is 
desired from the charts, it is necessary to include the effect 
of added fuel. 


TURBINE-PROPELLER-ENGINE PERFORMANCE 


In order to illustrate the performance and some of the 
characteristics of the turbine-propeller engine, several cases 
&re presented. First, the performance of the turbine- 
propeller system over a range of flight and engine-design-point 
operating conditions and fixed design-point component effi- 
ciencies is discussed. Each set of design-point operating 
conditions and component efficiencies represents а different 
engine. Second, the off-design-point performance of two 
specific turbine-propeller engines (with given sets of matched 
components) is discussed. For this case a method is pre- | 
sented for matching components; also the interrelation 
between component characteristics and over-all engine per- 


. formance is shown. 


DESIGN-POINT ENGINES 


For the purpose of illustrating the manner in which the 
thrust horsepower per unit mass rate of air flow and specific 
fuel consumption are influenced by. compressor pressure ratio, 


combustion-chamber-outlet temperature, flight speed, and 


ambient-air temperature, the following fixed parameters are 
assumed : 
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Compressor adiabatic efficiency, ------------------------ 0. 85 
Turbine total efficiency, {- ------------------------------ 0. 90 
Combustion efficiency, 7,---.----------------------------- 0. 96 
Propeller etfiolenoy, ques eoe RS GU ER e iem ааа 0. 85 
Exhaust-nozzle velocity coefficient, С,_-------------------- 0. 97 
Lower heating value of fuel, k, Ви/Б--------------------- 18,900 
Correction factor, ¢...--.-----------.---.--------.------- 1. 00 


The jet velocities in all cases considered were the optimum 
jet velocities evaluated from equations (4a) and (4b). 

The effect of the mass of fuel added is included in these 
performance calculations. 
а | Ll. 

“17 
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W,/(F/a), lb/hp-hr 
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(а) Vo, 0; to, 518° В; Ур, 144 feet per second; a, 4 pounds thrust per horsepower (to convert jet 
: ' thrust to equivalent shaft horsepower). 


The values of component efficiencies and є at the design 
point will tend to vary with change in design-point operating 
conditions. In the present computations, the component 
efficiencies and e were assumed constant at thé values listed. 
The method illustrated in the examples for using the charts 
was followed in evaluating the performance. 

The performance of the system is presented in figure 8; 
the thrust horsepower per unit mass rate of air flow (or 
equivalent propeller shaft horsepower per unit mass rate of 


W,/thp, \b/hp-hr 


thp/M,, hp/{slug/sec) 


Р/Р ! 


(b) Vo, 738 feet per second; ѓо, 519° R; Vj, 902 feet per second; пр, 0.85. 


FIGURE &— Performance of turbine-propeller engines for range of design-point flight and engine operating conditions; ne, 0.85; пъ, 0.90; зь, 0.96; Съ, 0.97; В, 18,900 Btu per pound; e, 1.00. 
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air flow for the static case, V>=0) and the specific fuel con- 
sumption are plotted against compressor pressure ratio for 
various values of combustion-chamber-outlet temperature 
at several combinations of airplane velocity and ambient-air 
temperature. The range of T, investigated was from 1600? 
to 3200° R, and the compressor pressure ratios ranged up to 
40. Lines for compressor pressure ratios giving maximum 
thrust horsepower per unit mass rate of air flow (Х=1) and 
for minimum specific fuel consumption at any temperature 


T, are included in the figure. 
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(с) Ve, 733 feet per second; te, 412° В; Ту, 902 feet per second; yp, 0.85. 


FIGURE 8.—Concluded. Performance of turbine-propeller engines for range of design-point 
flight and engine operating conditions; че, 0.85; ль, 0.90; т, 0.96; C,, 0.97; В, 18,900 Btu рег 
pound; е, 1.00. 
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Performance curves at V4—0 and 144—519? R are shown in 
figure 8 (a). For this case where the thrust horsepower is 
zero, the equivalent total shaft power per unit mass rate of 
air flow F/M,a and specific fuel consumption based on equiv- 
alent shaft power are plotted against compressor pressure 
ratio. The factor а was assumed equal to 4 pounds рег horse- 
power in order to convert the jet thrust into equivalent shaft 
power. The optimum jet velocity calculated from equation 
(4b) for this case is 144 feet per second. i 

In figures 8 (b) and 8 (c) are presented curves of thrust 
horsepower per unit mass rate of air flow and of specific fuel 
consumption plotted against compressor pressure ratio. 
Figure 8 (b) is for the case of У, =733 feet per second and 
£,—519? R; and figure 8 (c), for У, =733 feet per second and 
£,—412? R. ' The optimum jet velocity for both these cases, 
computed from equation (4a), is 902 feet per second. 


The curves of figure 8 show that with no limitation on 
compressor pressure ratio, higher thp/Ma (or equivalent ' 
total shaft power per unit mass rate of air flow when the 
system is at rest) and lower specific fuel consumption can 
be obtained by increasing the 14. At any given T, there 
is an optimum P,/P, for maximum thp/M, and an optimum 
РР! for minimum W,/thp. The compressor pressure ratio 
for minimum specific fuel consumption is greater than that 
required for maximum thp/M,. 

The effects of flight speed and ambient-air temperature 
on the performance of the turbine-propeller system at a 
given combustion-chamber-outlet temperature of 1960° R 
are shown in figure 9. In figure 9 (a), the thp/M, and 
W,/thp are plotted against ambient-air temperatures at V, 
of 367 and 733 feet per second for the following cases: 

(a) Compressor pressure ratio chosen to give maximum 

thp/M, (X=1) 

(b) Compressor pressure ratio chosen to give minimum 

W Вр 
At each flight speed, the corresponding optimum jet velocity 
is used. 

This figure shows that t has an important effect on the 
performance values; the thp/M, decreases and the specific 
fuel consumption increases appreciably as f, increases. For 
the given conditions, the Ир/М. decreases about 30 percent 
for both cases (а) and (b) as to increases from 393° to 519° R 
(the 393° R temperature corresponds to an NACA stand- 
ard altitude of 35,332 ft, the start of the tropopause). 
The values of #р/ Ме for case (а) are about 13 percent greater 
than those for case (b) over the range of & investigated. 

The specific fuel consumption increases about 25 percent 
for both cases (а) and (b) as the ambient-air temperature 
increases from 393° to 519° В. The values of W,/thp for 
case (a) are about 10 percent higher than those for case (b). 
It is also evident from figure 9 that increasing flight speed 
results in only slightly increased values of thp/M, and 
slightly decreased values of W,/thp for both cases (а) and (b). 
Over the range of ambient-air temperatures considered, 
increasing the flight speed from 367 to 733 feet per second 
results in changes in thp/M, and W,/thp of about 2 percent. 
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(а) Specific fuel consumption and thrust horsepower per unit mass rate of air flow. 
W, 
(b) Compressor pressure ratios for minimum гг and Хе. 
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FIGURE 9.—Effects of flight speed and ambient-air temperature on performance at compres-. 


вог pressure ratios Гог minimum specific fuel consumption and for maximum thrust horse- 
power per unit mass rate of air flow; Ту, 1960° В; чо, 0.85; "b 0.90; я», 0.85; ть, 0.96; C, 
0.07; А, 18,000 Btu per pound; e, 1.00. 
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The compressor pressure ratios associated with the per- 
formance values given in figure 9 (а) are presented in figure 
9. (b). The large increase in required pressure ratio from 
the condition of Х=1 to the condition of minimum specific 
fuel consumption is to be noted. 

In figures 8 and 9, it was assumed that the compressor 
adiabatic efficiency remains constant at 0.85 regardless of 
the pressure ratio. As the desired pressure ratio is increased, 
however, it becomes increasingly difficult to design a com- 
pressor to maintain a high adiabatic efficiency. A reduction 
in the compressor adiabatic efficiency with increase in pres- 
sure ratio reduces the gains derived from increase ш pressure 
ratio and hence reduces the value of the optimum pressure 
ratios for maximum thrust horsepower per unit mass rate 
of air flow and for minimum specific fuel consumption. 

This condition is illustrated in figure 10 in which a turbine- 
propeller engine equipped with a multistage axial-flow com- 
pressor having a polytropic efficiency nep of 0.88 is con- 
sidered. The other parameters of the engine are the same 
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Етатве 10.—Comparison of performance with constant з, and with constant 7.,, at various 
compressor pressure ratios; Ve, 733 feet per second; Vy, 902 feet per second; fo, 519° R; пр, 
0.85; 71, 0.90; зь, 0.96; Съ, 0.97; В, 16,900 Btu рег pound; e, 1.00. ` 
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as for figure 8 (b). Figure 10 shows the over-all adiabatic 
efficiency of the compressor, the specific fuel consumption, 
and the thrust horsepower per unit mass rate of air flow 
for arange of pressure ratios. The pressure ratio is increased 
by adding stages to the compressor. Although the poly- 
tropic efficiency is held constant, the over-all compressor 
adiabatic efficiency decreases with increase in pressure ratio. 
At a pressure ratio of 5, the compressor adiabatic efficiency 
is 0.85, the value used in the computations for figures 8 and 9. 
For the range of T, shown, the values of P;/P; for maximum 
Пр Ма and minimum W;[thp are lower for the case when 
the reduction in compressor adiabatic efficiency with in- 
creased pressure ratio is considered than those for the case 
of constant 7, of 0.85. 
thp/M, and minimum ЙД р is more pronounced at the 
higher value of T. 

The effect of increasing pressure ratio across the turbine 
on turbine efficiency is not easily predicted. In the design 
of a turbine for greater pressure ratios, the number of 
turbine stages is usually increased and the pressure ratio 
per stage is increased, in order to economize on the size 
and weight of the turbine. Increasing the number of tur- 
- bine stages tends to improve the over-all turbine efficiency 
(provided that the efficiency per stage remains the same). 
However, increasing the pressure ratio per stage may result 
in some reduction in stage efficiency, which will offset the 
gains obtained by the increased number of stages. The 
net effect on the over-all turbine efficiency depends on the 
compromise between pressure ratio per stage -and number 
of stages. 


ENGINE WITH GIVEN SET OF MATCHED COMPONENTS . 


The points on the previous performance curves pertain 
to а series of turbine-propeller engines in which the com- 
ponents are changed to provide the desired characteristics 
at each point. It is of interest to examine over а, variety 
of operating conditions the characteristics of a turbine- 
propeller engine having given components. 

Two engines are considered in this study. One engine 
has a propeller, an axial-flow compressor, and two independ- 
ent turbines (divided turbine system); one turbine drives 
only the compressor and the other drives only the propeller. 
The second engine contains the same components, except 
that the two turbines are connected to provide a single 
rotating system (connected turbine system). 
chosen have performance characteristics fairly representa- 
tive of their type and are not to be interpreted as being the 
best available. Although the performance of each engine 
depends on the characteristics of the particular components 
chosen, some general trends may be demonstrated by con- 
sidering the illustrative case. Plots of the characteristics 
of the components and the performance of the turbine- 
propeller engines incorporating these components are pre- 
sented in figures 11 to 18. Calculations of engine perform- 
ance were simplified by neglecting the mass of fuel m 
evaluating turbine output, by neglecting any losses in 
transmitting the shaft power from turbine to propeller, and 


This change in P/P, for maximum 


Components | 
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by assuming the drop in total pressure through the combus- 
tion chamber proportional to the combustion-chamber-inlet 
total pressure. The errors introduced by these simplifi. 
cations are too small to influence the basic trends illustrated. 
In the computation of the performance of the turbine- 
propeller engine, the following parameters are assumed: 


Combustion efficiency, ь------------------------------5—-- 0. 00 
Exhaust-nozzle velocity coefficient, Cs- -------------------- 0. 07 
"Lower heating value of fuel, k, Btu/lb.............-......- 18,000 


In order to simplify the specific fuel consumption plots, the 
specific heat at constant pressure of the gases during com- 
bustion was assumed to be a function only of Т. 
Compressor characteristics.— The conventional presenta- 
tion of the performance curves for an illustrative 8-stage 
axial-How compressor is given in figure 11. Values of 


`РУЇР\, че, and К, are plotted against the М, y0,/ô, for various 


values of U,/-/6,. The slip factor is defined as 


(10) 


At а given U,46, reducing the M,40,/ó, by throttling 


the compressor outlet first results in & very rapid increase 


in pressure ratio and efficiency and then а more gradual 
increase in these parameters to peak values. Excessive 
throttling to the position indicated by the surge line results 


P/P, 


4 А 
М, /81/ 81, slug/sec 
FIGURE 11.— Characteristics of axial-flow compressor. 
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in stalling of the compressor, which is accompanied by 
surging of the air flow. It is to be noted that operation at 
higher tip speeds is limited to narrower ranges of mass flow. 


Turbine characteristics.— The performance characteristics 
of a typical single-stage turbine with moderate reaction 
are shown in figure 12. The mass-flow factor of the gas 
through the turbine is plotted in figure 12 (a) against P,/p; 
for various values of ÜU,j;/V,,. The turbine jet velocity 
У, 1 is defined as the theoretical jet velocity developed by 
the gas expanding isentropically through the turbine nozzle 
from turbine-inlet total temperature and pressure to turbine- 
outlet static pressure. The values of the upper abscissa 
У, 1/40, corresponding to the values of P./ps are obtained 
from the velocity equation 


71-1 

Ра. КАЖА 
Nom QI Cy «519 fe | 
The values of the upper ordinate AM,V,;/ó, are obtained 
from the product of M,4J06,/5, and V;,,//,. For pressure 
ratios across the turbine greater than 2.54, the value of 
Мубуба is constant (that is, choking occurs at the turbine 

nozzle). 

The turbine total efficiency 7; із principally a function 
of U,,/V;, and, to a lesser extent, a function of the pressure 


ratio across the turbine and the Reynolds number; т; is 
defined as 
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(a) Mass-flow characteristics, 
FIGURE 12,—Oharacteristics of first single-stage turbine. 


The relation between total efficiency, blade-to-jet speed 
ratio, and pressure ratio is given in figure 12 (b); the Reynolds 
number effect is omitted in this analysis. The turbine- 
shaft efficiency т; 1, also shown in figure 12 (b), is defined as 
nie Me (11) 

2 М: У:, 1 


In this definition the turbine is not credited with kinetic 

power corresponding to the average axial velocity of the gas 

at the turbine discharge. In the plot of TW NIA 

t, 1 t,1 

U,1/V;1 in figure 12 (b), the effect of Ра/рь is so slight that 

only a single curve is shown. The parameters 5——::1— and 
U,, if Vii 


М,Ү,1/, gre useful in evaluating turbine operating condi- 
tions for given turbine work output and compressor operating 
conditions. 
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(b) Efficiency characteristics. 
FIGURE 12.—Concluded. OCharacteistics of first single-stage turbine. 
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Gas generator.—The combination of compressor, combus- 
tor, and turbine which drives the compressor is referred to as 
the gas generator. It converts the heat energy from Ше 
fuel to energy available in high-temperature, pressurized 
gases. These gases are expanded in a second turbine which 
drives the propeller and are further expanded in the exhaust 
nozzle to provide jet power. 

When the compressor and the turbine of the gas generator 
are matched, it is necessary that the mass flows through the 
components be consistent (that is, the gas flow through the 
turbine equal the sum of the air flow through the compressor 
and the fuel flow) and that the compressor work required 
equal the turbine work output. The compressor,and the 
turbine sizes are so adjusted that desired mass-flow factors 
through the components are obtained when the compressor 
is operating at its design point and design turbine-inlet to 
compressor-inlet temperature ratio 7/7, is maintained. 
The turbine of figure 12 is matched with the compressor of 
figure 11 for a design-point temperature ratio Т./Т. of 4.23 
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and a design compressor pressure ratio P/P, of 5.1 at a tip 
speed factor Сб. of 1062 feet per second. These condi- 
tions permit operation sufficiently far from the compressor 
surge line to ensure stable operation of the gas generator over 
а wide range of conditions off the design point. 

Lines of constant temperature ratio 7/7, for the matched 
turbine and compressor are shown superimposed оп com- 
pressor characteristics in figure 13 (a). И the difference 
between М, and М, (due to added fuel) is neglected, the 
following identity can be written: 


MT, P, [Ti М. УТ. 
Р Р, gm Fi 


If r represents the ratio of the drop in combustion-chamber 
total pressure to the compressor-outlet total pressure, then 


АР.=Р.—Р.=тР. 


or 
P,— (1—7)P; 
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(a) Lines of constant TdT, and constant №, 4/8185. 
FIGURE 13.—Operating characteristics of gas generator consisting of matched compressor and turbine which drives compressor; АРуР;, 0.05; ОС: 1.0. 
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(b) Lines of constant Pyp and constant M ,-/6455; У, 0.10 (flight Mach number, 0.71). 


FIGURE 13.— Continued. Operating 


Hence, 


Mal T MT, 
=(1—) pm Ms 
Т. 4 
or 
м.ү Ps му, 
5, =(1 ) P; T, б, (12) 


In operating regions where choking of the flow occurs at 
the turbine nozzle, the value of M,40,/5, becomes constant 
(for example, for pressure ratios Р./р; greater than 2.54 for 
the turbine shown in fig. 12 (а)). When this constant value 
of A4,-/0,/5, is substituted into equation (12) and a value is 
assumed for г, it is possible to compute the value Т/Т, 
at any value of Ма ба and the corresponding P/P.. In 
the nonchoking region, the value of М,40;/5, is not so 
easily determined, and the more general method described in 
appendix C is used. 


It is evident from the lines of constant T,/T, that, at any 


given rotational speed and compressor-inlet temperature 


of gas generator consisting of matched compressor and turbine which drives compressor; А Ръ/ Ра, 0.05; Ud Uta, 1.0. 


Ti, increasing the combustion-chamber-outlet temperature 
Т, в equivalent to throttling the compressor. This increase 
in T, causes an increase in compressor pressure ratio and 
decreases the mass-flow factor. Excessive combustion- 
chamber-outlet temperature may carry operation into the 
surge zone. | 

Lines of constant М,40:/5 are also plotted on the gas- 
generator operating curves (fig. 13) because these curves 
link the operation of the second turbine with that of the gas 
generator. If the difference between M, and M, is again 
neglected, the following identity can be written: 


Мо Mh aa (= 


T, T, (Р. (13) 


At any operating point, the quantities a Т.Т), 
and Р/Р; can be read and Р/Р; computed from 


P,[P,— (1—7) PJJP, 
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(с) Lines of constant Pyp and constant M ,-/01/55; У, 0 (flight Mach number, 0). 


FiavRE 13.—Conclnded. Operating characteristics of gas 


The corresponding values of P,/P; and T,/T, are determined 
by the method described in appendix C, and the correspond- 
ше M,40,/8, is evaluated from equation (13). 

For the gas-generator combination, the compressor power 
is equal to the turbine power; hence, from equations (10) 
and (11) and again from the assumption that M, and M; are 
equal, 


КП 71,1V2, (14) 


к. (т Vi, >) 7 
07.1 Ti) e 
The ratio of compressor tip speed U, to the turbine-blade 
speed 17, ; is a constant for any given engine. Thus, any 
value of К, determines the value of т; 1 (У. 1/0, 1)? and, from 
figure 12 (b), determines the value of U,/V;:from which the 
values of 5,1 and жу can be obtained, when the effect of 


and 


(15) 


generator consisting of matched compressor and turbine which drives compressor; АРу/Ра, 0.05; U./U1,1, 1.0. 


pressure ratio across the turbine is neglected. A value of 
U.U,; equal to 1.0 was chosen for the engine. For. the 
compressor shown in figure 11, the variation in the value of 
K, over the entire operating range was from 1.5 to 2.1. The 
corresponding variation in U,;/V,; was small enough that 
the turbine operated at nearly constant efficlency over the 
entire operating range of the gas generator. 

. Matching second turbine.—fFor operation at а given flight 
Mach number, & characteristic of the gas generator is that 
along а given U,/46, line the pressure ratio available for 
further expansion at the inlet to the second turbine Р,/ро 
decreases as MJ 6,/5; increases. This trend is shown in 
figures 13 (b) (for Y—0.10) and 13 (c) (for Y—0), which are 
plots of the gas-generator operating characteristics showing 
lines of М,/0,/95 (which are independent of flight speed) and 
lines of Р,/ро (which are a function of flight speed). The 
possible operating range on figure 13 is located between tho 
surge line and the line of limiting values of М. 7V05/8s permitted 
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by the second turbine. Any limiting value of M,vV65/65 is 
the value of the mass-flow factor through the second turbine 
when the pressure ratio across the turbine is equal to the 
maximum pressure ratio available Р,/ро. 16 is evident that 
the second turbine should be designed to permit limiting 
values of M,-¥6;/6; sufficiently large to provide the engine 
with & reasonable range of operation on the gas-generator 
plot. The increase in М 11/0/95 is accomplished by designing 
а larger second-turbine nozzle area. Excessive increase in 
design turbine-nozzle area should be avoided, however, 


because, for a given М,-/6/$% (as set by the gas generator), 
there results a reduction in pressure ratio required across the 
second turbine, which is accompanied by a reduction in the 
power obtainable from this turbine. An inefficient distribu- 
tion of power between the propeller and the exhaust jet may 
result. The second-turbine nozzle area chosen for design 
operating conditions should be the best compromise between 
extent of operation and efficiency of power distribution 
between the propeller and the exhaust jet. 

The characteristics of the second turbine which drives the 
propeller are shown in figure 14. They are similar to those 
of the turbine driving the compressor (fig. 12), except that 
the maximum values of the mass-flow factor are different. 

Matching propeller.—The problem of propeller matching 
involyes mainly the selection of proper propeller size and 
proper relation between propeller and turbine speeds, so 
that the propeller will have a high efficiency at engine design 
conditions and maintain high efficiency over a wide range of 
off-design engine operation. А value of U,;[/N,, based on 
reasonable estimates of turbine pitch-line diameter and gear 
reduction ratio between the turbine and the propeller, is 
chosen. This value of U,./N,, when once fixed for а given 
engine, determines the value of N,/+/@; for any engine operat- 
ing condition (U,;/V,s and V,s/406, being known for that 
operating condition) and affects the manner in which pro- 
peller efficiency varies with changing engine operating condi- 
tions. At any operating condition of the engine, the flight 
speed factor V,/4/0, is known, and the propeller-shaft horse- 
power factor Һр, ү, can be evaluated. Fixing the values 


И, 2/75, ft/sec 
789 10 1 12 13 
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(a) Mass-flow characteristics, 
FIGURE 14,—Oharacteristics of second single-stage turbine. 
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of propeller diameter D, and U,.,/N, (and hence, N,/46,) 
determines the values of power coefficient C, and advance 
ratio V,/N,D, at every operating point; these values in 
turn determine the propeller efficiency. The variation of 
propeller efficiency with engine operating conditions depends 
on the values of D, and 17, :/№, selected. Therefore, the 
propeller diameter D, and, to some extent, the value of 
U.2/N, are adjusted by trial until a good compromise of 
propeller efficiency and engine operating range 18 obtained. 
Reference 6 presents a similar and more detailed discussion 
of matching a propeller to a turbine for the same type engine 
considered here. Figure 15 shows the characteristics of a 
high-efficiency four-bladed propeller at flight Mach numbers 
of 0.55 and 0.71. Values of the power coefficient C, аге 
plotted against the advance ratio Vo//N,D, for various values 
of propeller efficiency and blade angle. The propeller 
efficiency is largely dependent on tip Mach number and drops 
off rapidly when a value of tip Mach number slightly greater 
than 1 is exceeded. The maximum efficiencies range from 
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(b) Efficiency characteristics. 
FIGURE 14.—Concluded. Characteristics of second single-stage turbine, 
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FIGURE 15.— Characteristics of high-speed propeller. 


about 0.93 at flight Mach number of 0.55 to about 0.88 at 


flight Macb number of 0.71. At higher flight Mach num- 
bers, because tip Mach numbers greater than 1 are almost 
always encountered, lower efficiencies exist. The values of 
propeller efficiency presented in figure 15 are based on actual 
shaft power input to the propeller and do not include losses 
involved in the transmission of power from turbine to 
propeller. 

Performance of engine with divided turbine system.— 
Any point on the plot in figure 13 (8) represents the gas 
generator operating at a given set of conditions such аз 
07/46, Муви, ТТ, РР. and М]. The M esf às 
at any point is fixed; it is therefore evident from figure 
14 (a) that the second turbine, if unchoked, can operate 
only over a range of definite combinations of U,2/V:2 and 
Рр. Hence, for every point on the gas-generator curve 
the second turbine can operate over an extent of pressure 
ratio Р,/рв and corresponding 17, 2/7, з; the power output of 
the turbine, the turbine efficiency, the jet power of the 

engine, the propeller speed, and the propeller efficiency all 
vary accordingly. 

When the mass-flow factor M 4/05/95 is the maximum value 
that the second turbine can attain (in other words the flow 
through the turbine is choked), the pressure ratio across the 
turbine is independent of U,2/V ,з (вее fig. 14 (a)). Thus any 
point on the gas-generator plot along this choking M 4/6/58; 
line corresponds to operation at any combination of U,2/V +2 
and P,p, (The quantity P;/p, may have any value equal 
to or greater than that required for choking but not ap- 
preciably greater than the available Рь/ро at the operating 
point. The case in which p, is less than pe is possible; 
however, it ‘necessitates a diffuser to discharge the gas from 
the turbine outlet to the atmosphere and is generally not a 
desirable condition.) 


The value of M,-/6,/5; which gives choked flow in the second 
turbine sets one of the limits on the possible operating region 
in figure 13 (a). For the turbine under consideration (fig. 
14), the maximum value of М,ү0;/; is 0.60 slug рог second, 
and hence all points in figure 13 (a) at values of M,4/6,/5, 
greater than 0.60 slug per second are unattainable. Further- 
more, in order to attain this choked flow, the available Ру/ро 
must be equal to or greater than the choking pressure ratio 
2.54 given in figure 14 (a). Figure 13 (b) shows the pressure 
ratios Р,/ро corresponding to figure 13 (a) and Y=0.10 (Mach 
number, 0.71). The point S marks the intersection of the 
line of M,46,5,—0.60 slug per second with the line of 
Р,[ро=2.54. All points on the line of M,-V0;/6;=0.60 slug per 
second to the right of point S have values of P;/p, greater 
than 2.54 and hence are attainable conditions. 

To the left of point S in figure 13 (b), the line of M,-/0,/5,— 
0.60 slug per second intersects values of P;/p,less than 2.54 
and hence is an unattainable condition (if py is limited to 
values equal to or gréater than р). Figure 14 (a) indicates 
that in this region the attainable value of 14,-/6;/5, depends 
on the values of P;/p, and 0,:/ Ў, з. The dashed curve in 
figure 13 (b) gives the maximum attainable value of M ,4/0,/5; 
corresponding to the condition 17, / Ў, з=0.5 (at which the 
efficiency of the second turbine is à maximum). The region 
in figure 13 (b) between the line of maximum attainable 
M,-V6;/5; and the surge line is the possible operating range 
for the combination of turbines chosen in this illustration at 
Y=0.10. The dashed curve can be shifted somewhat by 
choosing a different value of U,s/V,;. 

The conditions of figure 13 (c) correspond to those of figure 
13 (a) and zero flight speed (Y=0). In this case all values of 
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(b) У, 0.10 (flight Mach number, 0.71). 
FIGURE 15.—Concluded. Oharacteristics of high-speed propeller. 
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Р,/ро shown are less than 2.54, and the choked condition in 
the second turbine is not attained. The dashed curve is 
again the upper limit on the value of M,46/5; for U,;/ У, з= 
0.50, and operation for this flight condition is limited to the 
narrow strip between the dashed line and the surge line. 

The permissible operational region discussed in connection 
with figure 13 will now be discussed in greater detail. 

A plot showing the relation between operating parameters 
of the second turbine and the gas generator is shown in figure 
16. The blade-to-jet speed ratio U,;/V,;is plotted against 
Pp, for lines of constant ТУТ, or М.уб/д. Figure 16 (а) 
is for a constant tip-speed factor of 1062 feet persecond. Every 
point on the gas-generator plot (fig. 13) at this value of tip- 


speed factor has a unique value of M,-/0,/5, and ТТ, and is 
represented by a line of operation on the engine- operating 
plot of figure 16 (a). This characteristic is evident from the 
previous discussion, in which it was shown that there is a 
series of combinations of U,2/V.2 and Ррь corresponding 
to every point on the gas-generator plot. The region in 
figure 16 (a) at pressure ratios P;/p, of 2.54 and greater (in 
which the second turbine is choked) corresponds to operation 


at the point in figure 13 on the U,/4/0,— 1062 feet per second 
line where 14,-+/6;/5;=0.60 slug per second. 


The operation-limit lines at which the entire Р,/ро available 
equals Р/р, for flight Mach numbers equal to 0 (Y=0), 0.55 
(Y=0.06), and 0.71 (Y —0.10), are also shown on figure 16 (a); 
operation is possible between the surge line and these limit 
lines for the specified Mach number. It is noted that for 
zero flight speed (Y=0) the Р,/ра available is never great 
enough to obtain choked flow through the second turbine. 
ligure 16 (b) is similar to figure 16 (a), except that the 
compressor tip-speed factor is 1006 feet per second. Because 
the available Р,/ро is lower at this lower 17,/4/0,, the range of 
operation of the turbine at the same flight Mach numbers is 
smaller. 
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(а) Ud 4/91, 1062 feet per second. 
FIGURE 16.—Relation batween operating parameters of second turbine and gas generator. 
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FIGURE 16.—Concluded. Relation between operating parameters of second turbine and 
gas generator. 
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The over-all performance values of the engine which have 
been superimposed on figure 16 are shown in figure 17. 
The values of the total-thrust-horsepower factor thp[/0,8, 
the specific fuel consumption, the propeller efficiency np, and 
second-turbine efficiency т; at any values of U,;/V,4 and 
Р,.[р are shown in figure 17 (а) for Y —0.10 (Mach number, 
0.71) and compressor tip-speed factor of 1062 feet per second. 
Figure 17 (b) is for U,/40,—10062 feet per second and У=0.06 
(Mach number, 0.55); figure 17 (с), for U./ 0, —1006 feet per 
second and Y=0.10; and figure 17 (d), for U446,—1006 feet 
per second and Y=0. 06. The curves of з, з, which are 
functions of ПУ ,з and Р./рв only, are the same for all 
plots of figure 17 and hence are given only in figure 17 (a). 
In order to evaluate пр, values of D,=13 feet and U,./N,= 
80 (ft/sec)/rps were selected for the engine. 

These figures show the effect of varying P;/p, and 0, :/ 1, з 
on the over-all performance of the engine. In the range of 
values of U,/V,; from 0.45 to 0.60 and over the entire range 
of values of P;/p, shown in figure 17, the maximum variation 
in thp//@,5, is about 15 percent and the maximum variation 
in specific fuel consumption about 20 percent. In this range 
of values of U,;/V.4 (0.45 to 0.60) and Ры/рь, the values of 
turbine efficiency and propeller efficiency do not vary appre- 
сару. At low values of P;/p, the power output is large, 
mainly because the operating 7,/T, is high. However, the 
percentage of propeller-shaft power to total power available 
as useful work is much less than the optimum value. In- 
creasing P;/p. improves the efficiency of the power distribu- 
tion between the propeller and the jet, which together 
with an accompanying improvement in compressor efficiency 
leads to decreased specific fuel consumption of the engine. 

The effect of fight speed on performance factors is slight 
at both tip-speed factors shown. The total-thrust- 
horsepower factor increases slightly, and the specific fuel con- 
sumption decreases slightly with increased flight speed. It 
should be noted that, inasmuch as the factors 0, and 5, both 
increase with flight speed, the values of thrust horsepower 
increase much more than the values of thp/./6,5,. Ata given 
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Маубу or Т/Т., the specific fuel consumption decreases as 
flight speed increases mainly because of operation at higher 
. values of 74. At the lower flight speed, the propeller effi- 
ciency is less sensitive to a change in operating conditions 
and remains at a higher value over & large part of the operat- 
ing range shown in figure 17. 

The thrust-horsepower factor drops off canals as com- 
pressor tip-speed factor is reduced from 1062 to 1006 feet 
per second. This decrease is due to operation in a region 
of lower Т./ Ту, lower mass-flow factors, and lower compressor 
pressure ratios. ‘The specific fuel consumption also suffers 
when the tip-speed factor is reduced, mainly because of the 
, accompanying decreases in compressor pressure ratio and 
ТИТ. At a tip-speed factor of 1062 feet per second and 
I —0.10, an optimum specific fuel consumption of about 0.60 


-~ pound per thrust-horsepower-hour is obtained, and the corre- 


sponding thrust-horsepower factor is about 2700 horsepower. 
At U,/-/6, of 1006 feet per second and Y=0.10, the optimum 


specific fuel consumption is about 0.64 pound per thrust- - 


horsepower-hour, and the corresponding thrust-horsepower 
factor about 2200 horsepower. 

The rapid drop in thrust-horsepower factor with com- 
pressor tip-speed factor is even more pronounced at the lower 
tip-speed factors, because the propeller is unsuited to handle 
efficiently the low shaft powers that accompany the lower 
tip-speed factors (this characteristic is not evident from 
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engine-performance figures which are presented only for 
values of U./-/6, of 1062 and 1006 ft/sec). This observation 
emphasized the fact that this type of engine is very largely a 
maximum compressor tip-speed engine. The use of a free- 
wheeling turbine to drive the propeller permits a wider range 
of propeller operating parameters for given engine operating 
conditions than does the single-turbine engine, because the 
speed of the second turbine is independent of compressor 
speed. Better propeller performance can thereby be ob- 
tained. 

In order to obtain the operating ranges shown in the plots 
of figures 13 and 17, a variable-area exhaust nozzle is re- 


‚ quired. The effective exhaust-nozzle area corresponding to 


design conditions (U,/4/0,—1062 ft/sec, Т/Т,=4.23, P;[P,— 
5.1, U,s[V5—0.50, and P;/pe=2.6 at Y=0.10) is 1.08 
square feet (evaluated by the method described in appendix 
D). This constant-area line of operation is included on 
figure 17. At any given flight Mach number, each point on 
the gas-generator’ plot has a small range of exhaust-nozzle 
areas associated with it. Conversely, at any flight Mach 
number each exhaust-nozzle area corresponds to а small 
range of operation along any U,/-/@; line on figure 13. The 
entire region of operation for constant exhaust-nozzle area 
A,=1.08 square feet over a range of compressor tip-speed 
factors is included between the dashed curves in figure 13 (a) 
for Y=0.10. Figure 17 shows that the design nozzle area 
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а) Ud 4/&;, 1082 feet per second; У, 0.10 (flight Mach number, 0.71). 
FIGURE 17.—Total-thrust-horsepower factor and specific fuel ee of matched turbine-propeller engine; ть, 0.96 ;С', ,0.97; А, 18,900 Btu per pound; AP aj Pi, 0.03; АРЏР:, 0.05; Ud Uta, 1.0, 
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(b) Ud 4/61, 1062 feet per second; У, 0.06 (flight Mach number, 0.55). 


FIGURE 17,—Continued. Total-thrust-horsepower factor and specific fuel consumption of matched turbine-propeller engine; ль, 0.96; Съ 0.97; В, 18,900 Btu per pound; AP4JPA, 0.03; A Paf P3, 0.05; 
Ола, 1.0. 


of 1.08 square feet allows operation at almost optimum 
engine efficiency for the ranges of compressor tip-speed fac- 
tor from 1006 to 1062 feet per second and of У from 0.06 
to 0.10 but at powers lower than maximum. The variable- 
area nozzle allows a much wider choice of combinations of 
economy and power than the fixed-area nozzle. ·. 
Temperature-stress limitations.—An important consider- 
ation in the determination of engine operating limits is the 
limitation due to excessive stresses in the turbine blades, 
which is а function of turbine pitch-line velocity, turbine- 
inlet temperature, and turbine design. The stresses in 
turbine blades are discussed in reference 7 for a range of 
pitch-line velocities for various turbine-blade designs, and 
turbine sizes. Reference 8 shows the allowable stress of 


several turbine-blade materials as a function of temperature. 
In plots similar to figures 13 and 17, these factors must be 
taken into account in determining the regions of operation. 
Inasmuch as the value of the temperature at the turbine 
inlets for given temperature ratios 74/T; and 7/7 will vary 
with T, the limits of the operating regions imposed by 
strength considerations оп. these plots are functions of 7|. 
The second turbine in the case of the divided turbine sys- 
tem can operate over a range of pitch-lne velocities (or 
Са а) at any inlet temperature 7%. Therefore, at any 
ТУТ, or ТИТ, there may be some maximum value of 
Са аз that cannot be exceeded because of stress limita- 
tions; this maximum value increases as Т; decreases. АЁ 
lower values of compressor tip-speed factor, the problem of 
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limitation due to excessive stresses diminishes, particularly 
for the first turbine, which has a pitch-lme velocity directly 
proportional to U,/-/6,. 

Performance of engine with connected turbine system.— 
The engine with both turbines connected is restricted to a 
fixed relation between turbine pitch-line velocity U,4 and 
compressor tip speed U.. However, the power out of the 
first stage (the first turbine in the engine with divided 
turbine system) is no longer limited to being equal to com- 
pressor power. Some characteristics associated with the 
removal of the limit on turbine power distribution will now 
be discussed. 

At any operating point on the compressor map (such as 
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fig. 13), the corresponding values of Т.Т, МА, and 
M,-+6;/5; depend on the power output of the first turbine. 
When this power output is prescribed as in the case of the 
engine with divided turbine system (where the power output 
is always equal to the compressor power), these factors nre 
all determined at every point. At a given Мб, tho 
power output of the second turbine (or second stage) is 
limited by the range of P,/p, possible at this mass-flow 
factor (see fig. 14). When the engine with & divided turbine 
system is operating at & given compressor point, it is thus 
limited to a range of power output of the second turbine, 
which depends on the corresponding value of M,+0;/6;. 
The adjustment of the distribution of the available power 
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(с) U4 -Jà, 1006 feet per second; У, 0.10 (flight Mach number, 0.71). 
FIGURE 17.—Oontinued. Total-thrust-horsepower factor and specific fuel consumption of matched turbine-propeller engine; ль, 0.96 Ca, 0.97; В, 18,900 Btu per pound; АРа/Р;, 0.03; APa/ P3, 0.05; 
U4JU:, 1.0. 
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(d) © ет, 1006 feet per second; Y, 0.06 (flight Mach number, 0.55). 


FIGURE 17,—Concluded. Total-thrust-horsepower factor and гресщо fuel consumption of matched turbine-propeller engine; 7,, 0.98; С.,0.97; В, 18,900 Btu per pound; A Paj Pi, 0.03; APs Ps, 0.05; 
Сала 1.0. 


between the propeller and the exhaust-nozzle jet is thus 
often limited, and a low over-all engine efficiency may result 
&t some off-design-point conditions. On the other hand, 
when the engine with connected turbines operates at a 
given compressor point, the values of T,/T; and Р./Р; can 
be varied to give variable power output from the first turbine 
stage by an adjustment in fuel flow, exhgust-nozzle area, 
and propeller blade angle. This variation also leads to a 


range of values of M,-/6;/5; that correspond to the given 
compressor operating point; hence, & larger range of power 
output may be obtamed from the second-turbine stage. 


- Power extraction from both turbines may then be adjusted 


to give more economical distribution of available power 
between propeller and exhaust jet than is possible with the 
divided turbine system, particularly at off-design operation. 

Included in figure 17 are lines of operation for constant 
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U./U,,=1.0. This condition pertains to the operating line | in power output of the first-stage turbine are obtained by 
of an engine with the given connected turbine system having | increasing the combustion-chamber-outlet temperature T, 
а fixed relation between U,; and U. and with the power | and adjusting the exhaust-nozzle area and the propeller 
output of the first-stage turbine equal to the compressor | pitch; the range of values of the increase in turbine power 
power. Figures 18 (a) and 18 (b) are performance plots | is limited in order to avoid exceeding appreciably the 
of the engine similar to that of figure 17 (a), except that the | design value of Ти. Operating conditions for these plots 
power output of the first turbine is 3 and 7 percent greater, | are the same as for figure 17 (а), namely Y=0.10 and 
respectively, than the compressor power. These increases | ÜU/40,—1062 feet per second. Lines of operation at 
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FIGURE 18.—Performance plots of matched turbine-propeller engine for various values of power output of first turbine to compressor power; U./-01, 1062 feet per second; У, 0.10 (fight Mach 
number, 0.71); тъ 0.96; Съ, 0.97; А, 18,900 Btu per pound; АР4/Р,, 0.03; APs3/ Pa, 0.05; Ud Uia, 1.0. 
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(b) Apialhpe, 1.07. 
FIGURE 18,—Continued. Performance plots of matched turbine-propeller engine for various values of power output of first turbine to compressor power; Ud-/61, 1062 feet per second; У, 0.10 
(flight Mach number, 0.71); ть, 0.96; C., 0.97; А, 18,900 Btu per pound; АРа/Р,, 0.03; APs Ps, 0.05; UJ Uta, 1.0. 
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з, 0.97; А, 18,900 Btu per pound; APa/P;, 0.03; АРУ Ps, 0.05; 


of matched turbine-propeller Еа тта ссы of power En of first turbine to compressor power; Ud 4/6; 1062 feet per second; У, 0.10 
9b 0.96; C ? Od а, 1.0. 


(flight Mach number, 0.71); 


FIGURE 18.—Concluded. Performance plots 
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ОП ‚=1.0 are again located on these plots and represent 
the case of the engine with connected turbines under 
consideration. 

The operating lines for U,/U,,—1.0 of figures 17 (a), 
18 (а), and 18 (b) and the corresponding engine performance 
are shown on a single plot in figure 18 (c). This figure 
shows the effect on total power and specific fuel consumption 
due to varying the values of the ratio of the power output 
of the first turbine to the compressor power hp,,/hp, from 
1.00 to 1.07. Operation over this range of values of hp, i/Àp. 
is possible for the engine with connected turbines, whereas 
(he divided turbine system limits engine operation to & 
value of Àp,/hp,—1.00. Figures 17 (a) and 18 show that 
the engine with connected turbine system can achieve high 
power increases and maintain good economy by increasing 
the value of Т/Т,. This desirable performance character- 
istic is possible because efficient distribution of power 
between propeller and jet is obtained at higher temperature 
ratios by extracting more power from the first turbine stage, 
which (by causing а higher value of M,-+/6;/55, which is 
accompanied by an increase in pressure differential across 
the second turbine) permits greater power output from the 
second turbine. For the engine with connected turbines 
illustrated, approximately a 20-percent increase in the total 
power output is obtained by increasing the Т/Т, from 4.23 
(the design-point value) to 4.89 and increasing the value 
of Ар, „Ар. from 1 to 1.07 with an increase in specific fuel 
consumption of only 1 percent. On the other hand, the 
engine with a divided turbine achieves an increase in total 
power of about 5 percent for this same change in Т,/Т,\ 
(see fig. 17 (a)), while the specific fuel consumption increases 
about 17 percent. 

For the conditions shown in figures 17 (a) and 18, the 
propeller and turbine efficiencies for the engine with the 
connected turbines are not appreciably decreased by re- 
strictions imposed by the fixed relation among Ua U,, 
and {4 for the interesting operating range. (The turbine 
efficiencies in fig. 17 (a) apply to fig. 18.) 

Operation over the entire region shown in figure 18 (c) 
requires a variable-area exhaust nozzle. The line of constant 
A, of 1.08 square feet is included in this figure. For the 
particular operating conditions covered in this figure, it is 
seen that this constant exhaust-nozzle area permits operation 
to be maintained at best efficiency for a range of powers 
including maximum power. With A, of 1.08 square feet, 
the engine with а connected turbine can operate at U,/./g,— 


1062 feet per second from the surge line to the limiting line 


at which M]s-+/6,/6;==0.60 slug per second. At other values 
of compressor tip-speed factor, the region of operation on 
the compressor map with constant-area exhaust nozzle is 
much greater for the engine with a connected turbine than 
for the engine with a divided turbine. 


SUMMARY OF RESULTS 


For a series of turbine-propeller engines in which the 
appropriate components are used to give the design-point 
conditions and efficiencies, the following results were obtained: 

1. At a given set of operating conditions, maximum thrust 
per unit mass rate of air fow and maximum thrust horse- 
power per unit mass rate of air flow occurred at a lower com- 
pressor pressure ratio than that at which minimum specific 
fuel consumption occurred. 

2. An increase in combustion-chamber-outlet temperature 
caused an increase in power output per unit mass rate of 
air flow. Improved specific fuel consumption was obtained 
with increased combustion-chamber-outlet temperature, pro- 
vided that the compressor pressure ratio was correspondingly 
increased. | | 

3. An optimum jet velocity existed which gave best 
distribution between propeller-shaft power and jet power for 
maximum thrust horsepower and efficiency. 

The following results were obtained from a study of two 
turbine-propeller engines, one engine having a divided turbine 
system in which the first turbine drove only the compressor 
and the second turbine independently drove the propeller, 
and the other engine having a connected turbine system 
which drove both the compressor and the propeller: 

1. The connected turbine system offered greater adjust- 
ment of distribution of available power to the propeller 
shaft and the exhaust-nozzle jet, thereby permitting more 
efficient power distribution at off-design-point operation. 

2. The divided turbine system offered more flexible control 
of component rotational speeds, which enabled speed adjust- 


. ment giving best combination of turbine and propeller 


efficiencies. 

3. When equipped with a constant-area exhaust nozzle, 
the engine with the divided turbine system was limited to a 
very narrow region of operation on the compressor operating 
diagram, whereas the engine with the connected turbine 
system was capable of a wide range of compressor operation- 
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APPENDIX A 


DERIVATION OF PERFORMANCE EQUATIONS AND MISCELLANEOUS. EXPRESSIONS 


In addition to those symbols previously listed, the follow- 


ing symbols are used in these derivations: 


Cp average specific heat at constant pressure of gases 


W, ideal work for adiabatic process, ft-lb/slug 
The jet iia is given by 


during combustion process, Btu/(slug)(?F) (This y? = 550% 
term, when used with the temperature change dur- Gnd Cy, ed 4 - (B) Lee _ (A1) 
ing combustion, is used to determine fuel consump- 5 М «(1-Е Ут: 
tion.) 
H, enthalpy of air corresponding to ambient-air tempera- 
ture &, Btu/slug G-B)* кошу. c EZ м ay e Ts (A2) 
H, enthalpy of air corresponding to compressor-outlet 
total temperature То, Btu/slug 
Ps. оссе oal oree had kabs and when the last term is expanded into a series, | 
Е ges constant of air, 1716 ft-lb/(slug) (°F) | n. 
R, gas constant of exhaust gas, ft-Ib/(slug) (Е) (1-52) " € Lui ТАР, 2 (A3) 
То total temperature at outlet ii second turbine, °R Р, т P 
AP, 
РР, ста Ya—1 for small pu 
A" factor equal to Fear Б or (2) Ya By the use of equations (A2) and (A3), 
tet 
«ев 6255] м 
Let 
yl 
е0)" | H] 
un Nm (A5) 
and 
т.і 
е). 
K'— BE (A6) 
Ta а—1 . 
ее, 
When equations (A4) to (Аб) are used in equation (А1), | 
Ya 
даве сз gain 
: | 2 L M, ке! +f) Nt 


Define 
И 


Y=37 Cp. alo 


(48) 


The total temperature at the compressor inlet (which is 
equal to the total temperature of the inlet air) is 


Tt y AY) (A9) 


А 


The ratio of the ideal stagnation pressure P, to the ambient- 
air pressure 18 ' 


в) ант? 


(А10) 
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The ratio of the actual total pressure at compressor inlet 
to the ambient-air pressure is 


P, _Рь-АР, 


АР, a АР, Р; 
Бы САНЫ (1--Y) 3 (ав cO) aw 
from which 
ауу 
2 кт (А12) 
1 


The compressor-shaft horsepower expressed аз a function 
of compressor-inlet temperature and pressure ratio 18 
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М.е, т | ИРА (A13) results in 
hype орат 23 -1 (A18) 
Ne Р, Ya 
p= Tal 1-+¥+7 S (A15) 
where the specific heats of air during the compression process 1 T 2: i+¥ 
are assumed constant. Because of this assumption; the Equations (А12) and (А15) ЕТА 
value of the compressor-shaft power calculated from equation кырые and ( See 
(A13) for а given pressure ratio, inlet temperature, and та-1 
efficiency is slightly greater than the actual compressor power. | та—1 EC +5) Та р 
The deviation increases with increasing pressure ratio and Ро) № NM PB | (А16) 
inlet temperature. For values of 7, up to 550° R and Р/Р1 Р, 1+ 7 + 1:2 
up to 40, the maximum error in compressor power is about . . 
ресе and expanding gives 
Define 
(1+9 те ep ter APs АР (A17) 
550hp, Ya Py 
Тит. + (А14) 
| тее which is accurate for small values of АР,/Р,. 
so that substituting equations (A9) and (А14) into equation From equations (A16) and (A17) 
E 221 
" 7а-1 Tin (51 та.) а 
СЕЕ А ВЕЕ С А 
| i-(8) " LEY TZ я 
When equations (А16) to (А18) are substituted into equation (А), 
ESQ 3,—1 АР, | 
Vi aJo, aT, p pv Ya 2: үй" («туа =: (RE EE ) stas (A19) 
о? 1+-7 +12 Ya 1+Y +2: E ма, 
The term involving the product of the pressure-drop ratios —5- Als AP P Р. сап be neglected, so that equation (А19) becomes 
2.Је, Eu | ( Ya—1 г р | =] 5504: 
ОР K ( Y 4-3, Z =- |К ——— x | ———————— (A20) 
T0 Ya Р, Ya Р, 1 M4 fni 
The factor в is defined by the equation 
: 
пета TY S e o (A21) 
E i z Mall +f): 
from which 
+ a 1 _ 74; - 1 P remo 
кк QE T CR (уа) (422) 


Equation (А21) can be rewritten 


(He Y+ _ Улей _ ү? 7 (1 + Co, ato (A23) 
IFY Fn Je do 550 


The thrust horsepower developed by the propeller i 13 


Пр (һр. pe 
M.— M. M. (A24) 
and substituting equations (А14) and (А28) in (А24) yields. 
"cud Т, Тай Vind +f | 
i "550 [ел j a 2027 Cy, ato 2 (А25) 
The thrust horsepower developed by the jet is 


h А 
TIVAN Уй 55 2 (A20) 
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The total thrust horsepower of the engine is the sum of the propeller-thrust horsepower and jet-thrust horsepower; thus, 
from equations (A25) and (A26) 


thp Пр Ср. Ут. — Vil _ i 
M, 550 | Aca EIFE 30% m 250 ҮЛ Vil вв 


OPTIMUM JET VELOCITY AND 7-2 FOR MAXIMUM thp/M. 


55 (427) 


For given values of Vo, np, ти, по T4, to, and e and with the component efficiencies and є assumed to remain constant ns 
nZ and V; vary, optimum values of 12 and V; are obtained from 


dlth p| Ma) _ICp,atonp alon p E T, ЧУ +21Z)— —(Y 4-».2) -1|-- 
E02 _ 550 — Л, (1+¥+7.Z) Ne =o (А28) 
апд 
Olthp/ Ma) Је, от» alo? p. | ae (1 EN], (A29) 
©(У» 550 2032S Cp, ato +555 
From equation (A29) | 
2 
У, ор: — Vo c (A30) 
Па? 
and from equation (А28) 

IE P EN, 727,1 + P (A31) 
where the term (74) у is used to designate the value of 7,Z for which the tp/M, given by equation (A27) is а maximum. 
Define 

X ITEM. (A32) 
v пет (1 df) = 
and 
y? 
Y, Je, ds | (А88) 


When equations (A32) and (A33) are substituted into equation (А25), 


t с 1 p,a 7 t в 
Е (7) ү ва + Ле P+ 14¥ — y, Л Ыт] (A34) 
The thrust produced by the propeller is 
Е, 550th | 

M," Y. M. (435) 


Define the factor а аз Ше ratio of Ше pounds of thrust produced by the propeller to the excess of turbine horsepower 
output over compressor horsepower input; then, 


ics sg 
a Mp p. aa) 


When equations (A35), (A36), and (A24) are combined, 


2) С) G2) 2) (Авт 


This equation permits the propeller thrust to be evaluated from equation (A34) when Уз==0 (at which velocity 7,=0 
and thp,=0). 
For the case of V,—0, the expression for optimum jet velocity (for optimum thrust) similarly reduces to 


Vee | (A38) 


when equations (A35), (A36), (A24), and (A30) are combined. 
EVALUATION OF CORRECTION FACTOR € 


The factors a and $ are defined as 
АР, Та + 1 1 


4--- ка 


Р, у РА (A93) 
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and 
>- APs Yal 1 _ 
Р, Ya Y 3.2 


When equations (A39) and (A40) are substituted into 
equation (A22), 


(A40) 


e=K—Ka—K’b (A41) 


The terms K and K’ are close to unity in value, whereas 
the values of a and 6 are small in comparison with unity; 
therefore only а small error is introduced by letting 


e=K—a—b (A42) 
The quantity cis defined as 
c= К--1 (A43) 
then. 

e=1—a—b+e (A44) 

From equation (A5) and reference 9, 

Wn 

c= —1 (A45) 


га 
dac 
сев ee Та | 


where the values of W/T are obtained from references 4 апа 


9 and unpublished data extending figure.9 of reference 9. 
These values correspond to the temperature Т, and pressure 
ratio Ра/2о. 
FUEL CONSUMPTION 
The expression for the fuel-air-ratio factor to obtain а rise 
in total temperature in the combustion chamber from T; to 
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where Н, is the enthalpy of the air corresponding to the 
compressor-outlet total temperature T, in Btu per slug. 
(Zero enthalpy is arbitrarily fixed at absolute zero tempera- 
ture.) The symbol Но is the enthalpy of air corresponding 
to the ambient-air temperature & in Btu per slug and is 
given by 


Н 0— Ср, alo (A48) 


If equations (А48), (A8), and (А14) are used in equation 
(А47), 


Hsc, ato( 1+ Y+Z) (A49) 
Since 7% is a function only of Б, 
T, $(H) = о, ool +¥+2)] (A50) 


and the T} corresponding to the enthalpy H: is obtained from 
reference 4. | 


DERIVATION OF MISCELLANEOUS EXPRESSIONS 


* The pressure ratio (Р,/Р,),,у corresponding to any values 
of Y and (7,2), «у 18, from equation (А15), 


s -[uriga.p 
Pie | I+Y | 


or, substituting equation (A31) m equation (A51) gives 


(B) [ance ДР? cso 


From equations (А15), (A31), (A32), and (A51) it is seen 
that 


(А51) 


Та- 1 
Т, 18 Р [Р Ya 
+ р СС _— ai 1 A 
7 ED (A46) (P/P | ey 
за: Define 
where values of €, are determined from reference 5. х= р (А54) 
From the conservation of energy, ref 
v: Т then | 
ue Yo De Ta 
Н.=Но- 5 7+550 M.J (A47) х-(хуел (А55) 
|. APPENDIX В 
EQUATIONS FOR PERFORMANCE CHARTS 
(The equation numbers correspond to those in the deriva- | Figure 8 (a).— 
tion given in appendix A.) __АРа ya— 1 1 | (A39) 
Figure 2 (8).— P, Ya Yn’ 
у: 1 ( ES Figure 3 (b).— 
= — —M——————— mili A 
ед DJe,2519\ "V в ee) _ АР; 1 1 " 
, А “P, n Vad ae 
Py PrtAPs_ | "—— ( J I5) a Figure 3 (c).— 
Po ? =r es 11576, ‚519 Ve | T" 
(А10) EU 
c= ы =—1 (A45) 


| Vo 1 ( [519 | 
Plicht Mach number=———— = ————— | Vian / —— 

* : y "yc Festo V Ya ft, 519 to 
Figure 2 (b).— 


Lim BO 
= уе, 2J0,.519 Уз A 


(A33) 


where values of W/Z, are obtained from references 4 and 
9 and unpublished data extending data 1n reference 9. 


d 
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Figure 4.— 
„Та Та 
dec Р 1 = 
о" w (а ЕЈ" а 
In order to include the effect of added mass of fuel, the value of ӯ, used in equation (А52) should be the product 7,(1+/). 
Figure 5.— 
Ира г IR : | nene 2 (X'+) V пее чау У, пе | (A34) 
where Ез= су, ®(1-- Y +2) (А49) 
dd The 7» corresponding to the и H; is obtained from 
X’=(X) 7 reference 4. 


In order to include effect of added mass of fuel, the value of 
7; used in equation (А34) should be the product 1147). 


Figure 6.— 


APPENDIX C 
METHOD FOR DETERMINING OPERATING LINES OF CONSTANT T/T; AND CONSTANT 


Figure 7.— 
(Т Т») 
т7 — ор 


where ¢, is determined from reference 5. 


(A46) 


М.М] FOR MATCHED SET OF 


TURBINE-PROPELLER-ENGINE COMPONENTS CONSISTING OF ONE TURBINE DRIVING ONLY COMPRESSOR 
AND SECOND TURBINE DRIVING ONLY PROPELLER 


The procedure for plotting lines of constant ТИТ, and 


M,0,/5; for the gas-generator plot of figure 13 (a) is as 
follows: 

Equation (14), based on compressor power being equal to 
the power of first turbine, can be converted to 


Ше. ТУ: 7 T, 
epi 9 0, ват 


When ТУ/Т, is eliminated between equations (12) and (C1), 


MAU. _ ‚р an | 71.1 


(1) A point on figure 11 is selected at which the value of 
ТТ, is desired. The values of U./4/06,, Р/Р, M.46)/8,, and 
K. corresponding to the point are read on the figure. 

(2) A value of 17/17, is chosen based on sizes of turbine 
and compressor used; then, from the values of U./U,, and 


(C1) 


(C2) 


Ко үт: (Usi V.) is evaluated from equation (15). A prob- 


able value of P,/p; is assumed, and the value of Vn; / (U, /V 1) 
is used to read the values of 921, та, and U,,/V,, from 
figure 12 (b). 

(3) Equation (C2) is used to evaluate М, У, 1/54. 

(4) Corresponding to the values of M,V/5, and U ,i1/V ,, 
the values of M,-/6,/5,, V./4/6,, and P,/ps are read on figure 
12 (а). This value of Р/р; should be used to check the 
values of т; and т: determined in step (2). If any appreci- 
able differences in values of the efficiencies result, the re- 
vised value of 7;,; is used in step (3). 

(5) The value of Т,/Т, is now evaluated from equation 
(12). 

In order to illustrate this method, the point is picked on 
figure 11 at which ТУТ, is to be evaluated. 

(1) The point is selected where U.,/40,—1006 ft/sec, 
P4[P,—4.74, M.40,/5,— 0.060 slug/sec, and К,--2.05. 

(2) A value of U,/U, ,—1.0 is used for this engine. When 
ОС and К. are used in equation (15), a value of 
Ут (С.Т, )=2.02 is obtained. This value is used in 


figure 12 (b), a value of Р,/Р, of 2.0 is assumed; and the fol- 
lowing values are read: ÜU,i;/V,;—0.435, $,,—0.835, and 
1: 1=0.782. 

(3) From equation (C2) and an assumed value of r=0.05, 


:& value of M,V,1/5,=338 ft/sec is calculated. 


(4) When the values of M,V 1/3, and U,/V,, are used in 
figure 12 (а), the following values are read: V,/4/0,—1136 
ft/sec, M,46,/0,—0.208 slug/sec, and P,/p;=2.23. This 
value of P,/ps does not cause any appreciable change in 
values of turbine efficiencies from those determined in step 
(2) with an assumed value of P,/p; of 2.0. 

(5) The value of Т/Т, evaluated from equation (12) is 
4.13. 

In order to determine the total pressure at the turbine 
outlet, the following approximation of the turbine total 
efficiency i 13 made: 


5504.1 


Teal 
r 1 
E anr: 


550% p, 


7:.1— 


Me, „Т, I 


y pes 
Me, „Т, Ме P5 al 


P ge 
11,1] Cp, Та m 2) g 71,1 zm 


or : m 
LE m 
PASE [amis vus 
2Jc,, ,519 Ea E" 0, 


On figure 12 (a), the value of the upper abscissa У, 1/0, 
is related to the value of the lower abscissa P,/p; according 
to the equation 


—1 
е: -(# gs4 Via 


so that 
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Figure 12 (2) can similarly be applied to equation (C3) by 
using the value of «/q,i/q,. Viv 0, on the upper abscissa 
instead of V, 1/46, and reading the value of P,/P; instead of 
P,/p; on the lower abscissa. 

The total-temperature ratio Т/Т, is 


Teg 550% , ma Ум 1 
T, Је, TAM, 2 6, Јер ,D19 


(C4) 


The mass-flow factor M,406,/5; can now be obtained from 
equation (13). 
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In order to illustrate the calculations involved: 
(6) From the values of V,//6, тил, and па previously 


determined, Ta [352.1100 SEES Corresponding to this 
Vo, Ут 


value, P,/P;=2.10 is obtained. - 
(7) From equation (C4), a value of Т/Т, of 0.859 is ob- 
tained when a value of c,,,—8.9 Btu/(slug)(°F) is assumed. 
(8) Finally, from equation (13) a value of M; 6,/5,— 
0.581 18 determined. 


APPENDIX D 


METHOD FOR DETERMINING EXHAUST-NOZZLE AREA OF MATCHED SET OF TURBINE-PROPELLER-ENGINE COMPONENTS 
CONSISTING OF ONE TURBINE DRIVING ONLY COMPRESSOR AND SECOND TURBINE DRIVING ONLY PROPELLER 


Useful equations for determining the values of several pa- 
rameters needed in this method are as follows: 
From the definition of effective exhaust-nozzle area, 


1 55 YZ 
м, (BY (0) 4] 


where p; is the stagnation density at the second-turbine out- 
let and 7%, the total temperature at the outlet of the second - 


turbine. Thus, 
M M,y6 _ 2116 Ye зле, [- (8) | (ву p То 
PEN "БӨР. | Е (D1a) 


Reunion (Dla) is ‘used until the critical pressure ratio is 
reached. Тһе value of M,4/6,/4,5, remains constant there- 
after, аз ро/Рв becomes less than the critical pressure ratio. 
The mass-flow-per-unit-area factor for critical flow is 


Ma 2U yy 2 Za (Dib 
А „66 4519 R, DESI за | 


Also, from energy considerations, 


= па Иа 
1 = Ts 9 Cp. c 
from which р 
Тв та и 2 
T, | 3Jc, B19 Te) 2) 


The procedure for determining the exhaust-nozzle area is 
as follows: 

(1) For a given operating point, all conditions in the engine 
up to and including those at the second turbine are obtained 
by the method described in appendix C. 

(2) For a given М,4/0,/5, there can be a range of U, s Vis 
over which the second turbine can operate. Atany U,;/V,., 
the value of P;/p, can be obtained from figure 14 (a), and 
їй а and 42,2, from figure 14 (b). 

(3) The total-pressure ratio P;/P, is found by a method 
similar to that described in appendix C. From the value of 


РЬ/рв, the corresponding У, s/ V 0, is obtuined on figure 14 (8); 


Tu т is then calculated and used to evaluate Р,/Р,. 
Б 1,2 | 


(4) The pressure ratio= - (st) (>>) (> Р) Е is evalu- 


ated, where P/P is a асар of fight Mach number and 
pressure loss in inlet duct (see equation (A12)). 

(5) With suitable values for ү, and c, g, the value of Р/р 
is used to calculate M,+/,/A,5, from equation (Dla); equa- 
tion (Dib) is used to calculate M,4/0,/4,5, if flow through 
the exhaust nozzle is choked. 

(6) The values of з; and VINA and an appropriate 
value of c, , are used in equation (D2) to evaluate 75/17. 

(7) The value of A, is then calculated from the identity 


м.ү [T.P, 
à УТГР, 
MV % 
- 4А„&% E 


This method will be illustrated for the same operating 
point used in the illustration of appendix C: 

(1) Some of the conditions corresponding to the given 
point of operation are U.[4/0,— 1000 Нес, P,/P,;=4.74, 
P,[P,—2.10, and M,4/6,/8,—0.581 slug/sec. 

(2) From the value of M,-/@;/5; and a chosen value of 0.5 
for U,;/V,;, the corresponding P;/p,=1.91 is obtained on 
figure 14 (a). -Then from figure 14 (b) о and 
M, 2= 0.796. 


(3) Corresponding to P;/ps=1.91, Vis 65— 1032 ft/sec is 


V 
read on e 14 (a). — 
: figur (a) J& 
1000 ft/sec is evaluated, and the corresponding Р./Ра of 1.83 
is read on figure 14 (a). 

(4) The pressure ratio Р./ро at a value of Y—0.10 and 
inlet pressure loss AP4/P,— 0.08 is 1.356 by equation (А12). 
Thus, Р/ро=1.589 is evaluated from the values of P,/P,, 
РР, Р/Ра, and Риро. 

(5) From equation (Dia), values of y,—1.35 and R, of 
1720 ft-lb/(slug)(°F), and the value of Р,/ро previously 
determined, M,4/0,/A,2,—1.484 (slug/sec)/sq ft is evaluated. 

(6) The temperature ratio 75/7;—0.877 is obtained from 
V.slA 0s, та, and a value of €5,,778.0 Btu/(slug)(°F) in 
equation (D2). 

(7) The value of the effective exhaust-nozzle area obtained 
by use of the identity given in step (7) is 4,— 0.67 за ft. 


A,= 


The parameter wm Pre equal to 
1,3 
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